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Abstract: The monopile foundation of an offshore wind turbine will unavoidably 23 
suffer from long-term cyclic loading during its lifetime, due to impacts from waves 24 
and wind. In this paper, a series of tests on a rigid model monopile, subjected to 25 
lateral cyclic loading, were carried out in Qiantang River silt to investigate the 26 
pile-soil interaction mechanism and accumulated deformation. The tests revealed that 27 
the accumulated displacement was closely related to the cyclic load ratio but has no 28 
obvious relationship with the relative density of soil. In contrast, the unloading 29 
stiffness is independent of the cyclic ratio but the relative density of soil. 30 
The soil around the rigid monopile under cyclic loading undergoes a shearing 31 
stage during the first 10 cycles, followed by densification. The shearing stage 32 
dominates the cyclic responses of the rigid monopile, within which the total 33 
displacement in each cycle reduced obviously; the proportion of the elastic 34 
displacement to the total displacement for each cycle increases from ~0.5 to 0.95, and 35 
the soil pressures degrade to a large extent. 36 
 37 
Keywords: Monopile; cyclic loading; pile-soil interaction; accumulated deformation. 38 
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1 Introduction 39 
Currently, monopiles with a diameter of 3-8 m are widely used in European and 40 
Chinese offshore wind farms due to their relatively easier installation and lower cost. 41 
The monopile foundations of offshore wind turbines are generally short and rigid and 42 
are becoming an ideal type of foundation for offshore wind turbines located on a 43 
seabed with silt or silty sand, which is the case across much of the coastal regions of 44 
China. 45 
During its lifetime, the monopile foundation of an offshore wind turbine is 46 
unavoidably subject to long-term cyclic loads, originating from waves and wind. This 47 
leads to accumulated rotation and changes in the stiffness of the monopile and 48 
seriously impacts the normal operation of the offshore wind turbine. Therefore, it is 49 
important to predict the deformation behaviours of the monopile under such 50 
conditions. Numerical analysis and model or field tests are generally the two most 51 
favourable ways used to solve the problem. Lesny & Hinz (2007) and Achmus et al. 52 
(2009) proposed new approaches to calculate the long-term cyclic behaviours of the 53 
monopile in sand while also considering the cyclic responses of the soil. They also 54 
combined triaxial test results of the soil with numerical calculations. These numerical 55 
analyses still need further verification using model or field tests. 56 
At present, it is both challenging and uneconomical to carry out full-scale model 57 
tests or field tests on a monopile with a large diameter, thus model tests are commonly 58 
used. Le Blanc et al. (2010) conducted a series of model tests at 1 g on a model 59 
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monopile subjected to cyclic loading in sand with two different relative densities of 60 
4% and 38%. In this study, approaches to predict the lateral accumulated rotation 61 
under long-term cyclic loading and the changes in unloading stiffness of a monopile 62 
foundation were presented for the first time. Roesen et al. (2011) carried out a series 63 
of one-way cyclic loading tests on a pile embedded in saturated sand with a relative 64 
density of 78% to 87%. They concluded that the accumulated rotation of the pile 65 
would stabilise after approximately 15,000 load cycles. Peng et al. (2006) and Peralta 66 
& Achmus (2010) also conducted studies on the cyclic response of a monopile placed 67 
in sand. In these experimental studies, test data were fitted to obtain the development 68 
of pile displacement and unloading stiffness; which unfortunately are unable to fully 69 
explain the mechanisms behind the accumulated deformation of a monopile. It is 70 
worthwhile to mention that Cuéllar et al. (2009, 2012) carried out a series of 71 
enlightening model tests to observe the behaviours of sand particles around a pile 72 
subjected to long-term lateral cyclic loading by staining part of sand particles. The 73 
study provides a detailed process of sand densification and convective cell flow of 74 
sand grains during cyclic loading, as well as the characteristics and mechanisms 75 
behind the pile foundation‘s accumulative deformation under long-term cyclic 76 
loading. 77 
Most of these studies have focused on the deformation behaviours of a pile 78 
subjected to cyclic loading (including calculation formula). The pile-soil interaction 79 
has not received adequate attention, but it is important and merits further study. In this 80 
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paper, responses of a rigid monopile under long-term cyclic loading are determined 81 
experimentally, with a particular focus on the characteristics of pile-soil interaction 82 
and the mechanisms of accumulated deformation. Model tests were developed and 83 
conducted at 1 g on a model monopile subjected to lateral cyclic loading in Qiantang 84 
River silt with two different relative densities of 88% and 70%. 85 
2 Test program  86 
2.1 Test soil and preparation 87 
The model tests on the monopile were carried out in a barrel-shaped soil tank, 88 
3.70 m in diameter and 1.70 m in depth, located at Zhejiang University. The 89 
schematic setup of current model tests is shown in Fig. 1. 90 
The soil (referred to as Qiantang River Silt in this paper) used in the model tests 91 
was taken from an excavation pit near the Qiantang River in the city of Hangzhou. It 92 
consisted of 12% sand, 80% silt and less than 5% clay particles (Jia et al. 2009). The 93 
properties of the natural Qiantang River silt are shown in Table 1. Laboratory tests 94 
indicated the Qiantang river silt soil has an optimum water content of 18% (ASTM D 95 
698), a minimum dry density of 12.35 kN/m
3
 (ASTM D 4254), and a maximum dry 96 
density of 15.39 kN/m
3
 (ASTM D 4253). By mass controlling, the soil was poured 97 
into the tank layer by layer. Each layer was compacted to a thickness of 0.05 m using 98 
an NZH-type vibration machine. Before the filling of a new layer, a less than 5% 99 
difference in soil density (~17.3 kN/m
3
 with Dr= 88%) was ensured (by measuring 100 
densities of three randomly selected points in the current soil layer), and its upper 101 
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surface was roughed. The compaction energy was doubled to achieve a relative 102 
density Dr = 88% against Dr = 70%.The properties of the tested Qiantang River silt 103 
are listed in Table 2 for a Dr of 70% and 88%. 104 
Once the filling process was complete, a suspended water tank was connected to 105 
the pipe network set at the bottom of soil tank. The water head difference allows the 106 
water ‗flow‘ into the soil tank. The soil was subjected to saturation for ~ 15 days until 107 
it reaches 95% degree of saturation, which was measured using time domain 108 
reflectometry (TDR) technology (Chen et al., 2009). The water level was held at 109 
~0.02 m above the soil surface during the tests. 110 
 111 
2.2 Model pile  112 
Le Blanc et al. (2010) derived dimensionless equations to predict the behaviours 113 
of a field pile in cohesionless soil using model pile tests at 1 g. Based on these 114 
equations, the current model tests selected a scaling ratio of 1:30 to simulate a 115 
monopile in the field with a diameter of 5 m. The model, steel pipe pile has 0.165 m 116 
in diameter, 0.003 m in wall thickness, 2 m in length, and 0.915 m in embedment 117 
depth, respectively. The pile-soil relative stiffness of EsL
4
/(EpIp) is 4.8 ~ 388.6 (Poulos 118 
and Hull, 1989) from flexible to rigid piles. The stiffness ratio EsL
4
/(EpIp) of the 119 




) for Es≈4.64 MPa 120 
at Dr = 88%. The model piles are grossly regarded as rigid. 121 
As shown in Fig. 2, the pile wall was equipped with eight total pressure 122 
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transducers (TPTs) (CYG712, with measurement range of 0-200 kPa, to an accuracy 123 
of 0.2%~0.5%) and one pore water pressure sensor (PWP) (GE Druck PDCR81, with 124 
measurement range of 0-100 kPa to an accuracy of 0.2%). The TPT had a sensing face 125 
of 0.03 m in diameter. All sensors were embedded using a specially designed 126 
mounting block so they were flush with the pile wall surface (see Fig. 3). Each TPT 127 
and PWP was glued into a titanium case and placed in an acetyl copolymer mounting 128 
block (Bond et al., 1991). To install the TPT or PWP, a hole was created at the 129 
intended position on the model pile and then the base was welded together with the 130 
pile. Next, boltholes were created on the base to install the sensors. The surfaces of 131 
the sensors were carefully installed so they were flush with the surface of the pile wall 132 
and the presence of the sensors would not affect the pile-soil interaction during 133 
loading. Finally, sensor wires were directed from the inside of the closed model pile to 134 
the outside. The model pile was jacked into the soil (via a long-range hydraulic jack) 135 
at a rate of 0.01 m/min. After installation, a 24-hour pause was needed before 136 
applying any loads so as to reduce the impact of pile driving on the bearing capacity 137 
and deformation of the model pile. After finishing a test, the pile was extracted, 138 
replaced with an un-instrumented 'dummy' pile and the instrumented pile was 139 
re-installed at a new location (with a distance larger than 7D to minimise the impact 140 
among the tested positions) for the next test. 141 
 142 
2.3 Cyclic loading device 143 
A mechanical load rig, originally developed by Rovere (2004), has been 144 
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successfully used in previous studies to apply cyclic loads to a model pile (Le Blanc 145 
et al., 2010) and a model caisson foundation (Zhu et al., 2013). In this paper, an 146 
improved loading device is presented, as shown in Fig. 4. It consists of a supporting 147 
base, a lever and a balance beam with a driving motor fixed to it. The major 148 
components and features are as follows: First, the loading device is a separate part 149 
that can be placed at random. Second, a blade on the balance beam is placed in a 150 
blade slot, which is attached to the supporting base (see Fig. 4a). The blade and the 151 
blade slot make up a specific pivot, which greatly reduces the friction between the 152 
balance beam and the supporting base, and also makes the balance beam very 153 
sensitive to an unbalanced force. Third, a moveable turning wheel is used to adjust 154 
length of the wire rope and ensures the balance beam stays horizontal even when there 155 
is accumulated rotation of the foundation. This way, the magnitude of the cyclic load 156 
remains stable. 157 
A motor with a rotational frequency of 0.067 Hz is fixed to the end of the 158 
balance beam. The lever (with a length of la and a mass of m) is driven by the motor, 159 
which causes the mass M1 (with a quality of m1) to move in a uniform circular motion. 160 
As a result, the moment at the pivot (caused by M1) changes periodically, and 161 
generates a sinusoidal force F. The loading device provides stable and long-term 162 
sinusoidal cyclic loading. Assembling different combinations of m1, m0 and l (see Fig. 163 
4) allows different magnitudes of cyclic loads (up to 700 N) to be applied. 164 
 165 
2.4 Test program and measurement 166 
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Cyclic loading is characterised by the parameters ζb and ζc (Le Blanc et al. 2010): 167 
                m a x m i n
m a x




                     (1) 168 
In which MR is the ultimate static moment capacity of the pile, and Mmin and Mmax are 169 
the minimum and maximum moments in a load cycle, respectively. A laterally loaded 170 
rigid pile embedded in cohesionless soil may exhibit work behaviour, which renders 171 
difficulty in determining failure point (thus MR) at the load-displacement curve. The 172 
MR is taken as the moment at a pile-head displacement (at mudline) of 0.1D (Cuéllar, 173 
2011). In this manner, the ultimate capacities were estimated as 778 N (Dr = 88%) and 174 
463 N (70%), respectively from the load-displacement curves of the model pile in 175 
Qiantang River silt (of Tests 7 and 8 under monotonic loading, see Fig. 5). In the 176 
current one way (ζc=0) cyclic loading tests, the cyclic load ratios ζb were selected as 177 
0.39, 0.3, 0.23 for Dr = 88% silt and 0.43, 0.34, 0.25 for Dr = 70% silt. The loading 178 
eccentricity of tests was taken as e=6D. The test program is listed in Table 3. 179 
Four LVDTs (HCD 5000, with measurement range of 0-0.254 m to an accuracy 180 
of 0.2%) were installed on the pile to measure the instant horizontal displacement at 181 
heights (above the mudline) of 0.025, 0.165 (= 1D), 0.495 (=3D) and 0.99 m (=5D), 182 
as shown in Fig. 1. In particular in Tests 4, 5 and 6, an LVDT (1000DC-SE200, with 183 
measurement range of 0-0.0254 m to accuracy of 0.12%) was employed to measure 184 
the vertical displacement of the soil around the pile. A load cell (BK-1B, 185 
measurement range of 0-2000 N to an accuracy of 0.25%) was used to measure the 186 
applied cyclic load. The test data were continuously collected by a FLUKE data 187 
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collection system with a sampling frequency of 2 Hz. 188 
 189 
3 Deformation behaviours of the rigid monopile and soil 190 
3.1 Lateral displacement of the model pile 191 
Displacement of the pile is essentially due to the deformation of the surrounding 192 
soil, which consists of plastic displacement dp and elastic displacement de from a 193 
loading cycle. As shown in Fig. 6, the total displacement (dNp+dNe) and the elastic 194 
displacement dNe of the pile generated in the N-th cycle are expressed as: 195 
 ( )max ( 1)min( )    Np Ne N Nd d D D     (2) 
196 
 ( )max ( )min    Ne N Nd D D   (3)
 197 
where D(N)max is the peak displacement of the pile in the N
th
 cycle, D(N)min is the 198 
residual displacement of the pile after N cycles, and D(N-1)min is the residual 199 
displacement of the pile after (N-1) cycles. 200 
3.1.1 Residual and peak displacement 201 
The load-displacement curves from Test 1 (under cyclic loading) and Test 8 202 
(under monotonic loading) are presented in Fig. 7. To improve clarity, the curves are 203 
only provided for the 1-15th cycles, 100-115th cycles, 1000-1015th cycles and 204 
10000-10015th cycles. The figure indicates the lateral displacement of the pile 205 
increases with the loading cycles. The stiffness of the pile in the first cycle is slightly 206 
larger than that of the monotonic loading test. 207 
A Matlab program was written to present the test data (collected by FLUKE data 208 
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collection system) by number of cycles rather than by time. The cyclic load had a 209 
period of 15 s and changed sinusoidally with time. Each period, the program picked 210 
up the maximum and minimum load values, the displacement, soil pressures and the 211 
pore water pressures. 212 
Figure 8(a) and (b) shows the residual displacement DNmin and the peak 213 
displacement DNmax (of the pile at the loading point) of each cycle with the number of 214 
cycles N for Tests 1- 6. It shows a linear relationship between DNmin and Log(N), and 215 
between DNmax and Log(N); The first 10 cycles induce 55%-60% the lateral 216 
displacement DNmax at the 5000
th
 cycle. 217 
3.1.2 Accumulated rotation 218 
The residual accumulated rotation is investigated. This is different from the 219 
studies of Le Blanc et al. (2010) and Zhu et al. (2013) on the peak accumulated 220 
rotation, and use of the ratio of 0( ) /Np s  
   
 (θs is the rotation induced in a static 221 
test at a load equivalent to the maximum cyclic load), for a monopile and a 222 
mono-caisson, respectively. Similar to Fig. 8(a), the non-dimensional residual 223 
accumulated rotation values (Le Blanc et al., (2010)) of the model pile subjected to 224 
one-way lateral cyclic loading vary also approximately linearly with Log(N): 225 
= log( )Nr A N                            
(4) 226 
In which A is a constant. As shown in Fig. 9, A is closely related to the cyclic load 227 
ratio ζb and seems to have no obvious relationship with the relative density of the soil.  228 
3.1.3 Displacement of model pile in each cycle 229 
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The total displacement (dNp+dNe) of the model pile at the loading point in each 230 
cycle of Tests 1- 6 is plotted against the number of cycles in Fig. 10. The total 231 
displacement (dNp+dNe) reduces by more than 50% over the first 10 cycles. 232 
Subsequently, it reduces slowly and tends to stabilise. The lateral deformation of the 233 
monopile is dominated by the first 10 cycles. 234 
Figure 11 shows the proportion ratio of the elastic displacement to the total 235 
displacement [dNe/(dNp+dNe)] for each cycle of Test 1. It starts at 0.5 (at N =1) and 236 
increases rapidly to 0.95 (at N = 10). Afterwards, the value slowly increases with the 237 
number of cycles and approaches unity. The model pile mainly undergoes elastic 238 
deformation. The first 10 cycles are associated with shear deformation, afterwards 239 
additional deformation is caused by densification of the cohesionless soil surrounding 240 
the pile. The densification renders the load-displacement curve a tapering cyclic 241 
hysteresis loop (see Fig. 7). 242 
 243 
3.2 Unloading stiffness 244 
An unloading stiffness k (=M/θ) is the ratio of the applied cyclic moment (M) at 245 
ground level to the pile rotation (θ) in a cycle of the unloading phase. It is recast into 246 
non-dimensional unloading stiffness 
5/2/ 'ak k L D p   by Le Blanc et al. (2010), 247 
in which L is penetration depth of pile, D is pile diameter, pa is the atmospheric 248 
pressure, and    is effective unit weight. The non-dimensional unloading stiffness 249 
( Nk ) of Tests 1- 6 was obtained and is plotted in Fig. 12, as a function of log(N). It 250 
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reduces in the first 10 cycles, and increases subsequently with the number of cycles. 251 
For instance, the increase is 20% to 30% after 5000 cycles. The non-dimensional 252 
unloading stiffness ( Nk ) of the model piles after N cycles can be approximated by 253 
 10
log( 10)+  ( >10)Nk B N k N    
(5) 254 
where 
10k  is the non-dimensional unloading stiffness after 10 cycles of loading. As a 255 
result of the decline in unloading stiffness during the first 10 cycles being less than 256 
5%, the value of 10k can be simplified and approximated as 1k . The constant B was 257 
obtained by best fit of the non-dimensional unloading stiffness in Tests 1- 6, and is 258 
shown in Fig. 13. The constant B has the same meaning of dimensionless constant Ak 259 
in 0 ln( )N kk k A N   (Le Blanc et al. 2010). However, the following differences are 260 
noted: (1) the current B (= 12.5) is 30% higher than Ak= 8.02; (2) Ak is independent of 261 
both relative density and load characteristics, but the B is closely related to the soil 262 
relative density and has no obvious relationship with the cyclic ratio ζb (see Fig. 13) 263 
3.3 Vertical displacement of the soil surface in front of the pile 264 
The vertically placed LVDT, located 0.05 m in front of the model pile, detected 265 
the soil vertical displacement during the cyclic loading for Tests 4- 6, as shown in Fig. 266 
14. There is an uplift of the soil during the first dozens of cycles, indicating that the 267 
soil shearing deformation could contain soil dilatancy. Subsequently, the soil in front 268 
of the pile tended to subside, or reduce in volume, which renders increase in 269 




4 Pile-soil interaction of the rigid model pile 272 
4.1 On-pile pressures 273 
On-pile soil pressures of the model test are measured by the eight TPTs during 274 
cyclic loading. In Test 1, for example, the soil pressures in each cycle are plotted in 275 
Fig. 15 for increasing number of cycles. As with the total displacement and unloading 276 
stiffness, the soil pressures reduce largely in the first 10 cycles. 277 
The model pile rotates rigidly about a centre with zero displacement. The soil 278 
above the centre is subjected to passive resistance and below to active resistance. 279 
TPTs 7 and 8 are located at the side opposite the loading direction, 0.7 m and 0.78 m 280 
below the soil surface, respectively. At cyclic ratios of 0.4 and 0.3, the pressure values 281 
of TPT 7 are plotted in Fig. 16 as functions of the cyclic load. They increase with an 282 
increasing load, and TPT 7 is in the active zone (above the rotational centre). In 283 
contrast, little change in the pressures of TPT 8 with increasing load is noted, and TPT 284 
8 must be close to the rotational centre, which is approximately 0.8 times the pile 285 
embedment. 286 
The pore water pressure transducer PWP was located at 0.215 m below the soil 287 
surface at which the hydrostatic pressure was 2.3 kPa [= (0.215+0.02)×9.8]. Fig. 17 288 
shows the measured water pressure of PWP in Test 1 during cyclic loading. The pore 289 
water pressure increases and decreases sinusoidally between 0 kPa and 3 kPa. During 290 
the test, the peak pore water pressure stays at 3 kPa with ~10% fluctuation. This 291 
suggests that no excess pore-water pressure accumulated during cyclic loading at the 292 
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depth of the transducer. 293 
 294 
4.2 Behaviours of nearby soil under cyclic loading 295 
Cuéllar et al. (2009) shows that the sand surrounding a rather flexible pile 296 
undergoes densification phase and the convection-dominated phase during long-term 297 
cyclic loading. In the densification phase, grain rearrangement and reduction of 298 
inter-granular voids takes place and is characterised by a progressive subsidence of 299 
the soil surface surrounding the pile. Once the soil subsides to a rather constant depth, 300 
the second phase starts. 301 
The surrounding soil in the current tests exhibits shearing deformation in the first 302 
10 cycles and densification in the subsequent cycles. The associated pile response has 303 
been discussed before, as highlighted herein. During the shearing deformation, (1) the 304 
plastic displacement dp of the soil accounts for a large proportion of the total 305 
displacement in a given cycle (see Fig. 11); (2) The unloading stiffness of the pile 306 
decreases (see Fig. 12). (3) The soil dilatancy (associated an increase in the soil 307 
volume) occurs, which, together with the lateral movement, may cause the uplift of 308 
the soil surface in front of the pile (see Fig. 14). As for the densification stage, a 309 
reduction of inter-granular voids seems to have occurred, as the elastic displacement 310 
de of the soil also accounts for a large proportion of the total displacement in a cycle 311 




5 Limitations 314 
This paper has made a preliminary evaluation of pile-soil interaction mechanisms 315 
and accumulated deformation for a rigid model monopile under lateral cyclic loading 316 
in Qiantang River silt. There are a few limitations to this study. The model tests were 317 
conducted at 1 g condition and based on the dimensionless equations for scaling of 318 
laboratory tests. These dimensionless equations in turn were based on the ultimate 319 
limit state of the sand. Their applicability to soil at an elastic-plastic state is uncertain. 320 
The cohesionless soil exhibits dilatancy at low stress levels (e.g. in laboratory tests at 321 
1 g) (Guo and Qin, 2010), which may not occur in the field. As a result, the 322 
cohesionless soil in model tests may be associated with a higher peak friction angle 323 
than the soil with the same relative density present in the field (Le Blanc et al., 2010).  324 
 325 
6 Conclusions 326 
In this paper, six model tests were carried out on an instrumented rigid model 327 
pile in Qiantang River silt that was subjected to lateral cyclic loading with different 328 
cyclic ratios for 5000-10000 cycles. The main conclusions drawn are as follows: 329 
(1) The accumulated displacement is closely related to the cyclic load ratio and 330 
has no obvious relationship with soil density. In contrast, the unloading stiffness is 331 
independent of the cyclic ratio but is related to the relative density of the soil. The 332 
peak and residual accumulated displacements increase linearly with the logarithm of 333 
the number of cycles. 334 
16 
 
(2) The rotational centre of the rigid model pile is at approximately 0.8 times of 335 
the pile embedment during cyclic loading. 336 
(3) There was generally a slight degradation of the peak value of on-pile soil 337 
pressure in the first 10 cycles, which tends to be invariable afterwards. 338 
(4) The first 10 cycles (of shearing stage) have a great influence on the cyclic 339 
responses of the rigid monopile under cyclic loading, rather than the subsequent 340 
densification stage. 341 
 342 
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A  fitting parameter for non-dimensional rotation of pile 398 
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B  fitting parameter for non-dimensional unloading stiffness of pile 400 
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θNp    peak accumulated rotation in Nth cycle 438 






List of captions 443 
Tables 444 
Table 1. Parameters of natural Qiantang River silt 445 
Table 2. Parameters of tested Qiantang River silt 446 
Table 3. Test program 447 
Figures 448 
Fig. 1. Schematic setup of the model tests 449 
Fig. 2. Model pile and on-pile transducers 450 
Fig. 3. Connection between the transducers and the model pile 451 
Fig. 4. The cyclic loading device 452 
Fig. 5. Load-displacement curves of Tests 7 and 8 453 
Fig. 6. Schematic drawing of the lateral displacement of pile 454 
Fig. 7. Load-displacement curves of Tests 1 and 8 455 
Fig. 8. Measured residual and peak accumulated displacement of the pile 456 
Fig. 9. Values of A  457 
Fig. 10. Measured total displacement of the pile in each cycle 458 
Fig. 11. Proportion of elastic displacement to total displacement in each cycle 459 
Fig. 12. Non-dimensional unloading stiffness of the pile  460 
Fig. 13. Values of B 461 
Fig. 14.Vertical displacement of the soil surface in front of the pile 462 
Fig. 15. Measured on-pile soil pressures as a function of the number of cycles (Test 1) 463 
22 
 
Fig. 16. Measured on-pile soil pressures of TPTs 7 and 8 464 





Tables and Figures 468 























































1 19.1 88 41.5 35.5 0 6.25 0.28 
2 18.8 70 37.4 35.5 0 5.35 0.30 
Note: The cohesion and friction angle and Poisson‘s ratio of the samples were obtained by triaxial tests (CD) with 475 
confining pressures of 20, 40 and 80 kPa, respectively. 476 
The compressive modulus was obtained through uniaxial confined compression tests with compressive 477 









density of silt Dr 
Height of lateral 
loading e 
Cyclic ratio ζb 
Number of 
cycles N 
Test 1 88% 6D 0.39 10015 
Test 2 88% 6D 0.30 5000 
Test 3 88% 6D 0.23 5000 
Test 4 70% 6D 0.43 5000 
Test 5 70% 6D 0.34 5000 
Test 6 70% 6D 0.25 5000 
Test 7 70% 6D Monotonic — 








































30 mm Pipe network


























































 (a) Schematic diagram (Unit: mm) 493 
 494 
 (b) Physical diagram 495 


























(b) PWP 501 































(a) Schematic diagram 508 
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(b) Physical diagram 510 



























































(a) Residual accumulated displacement 527 
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(b) Peak accumulated displacement 529 


























(a) Dr=88% 548 
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(b) Dr=70% 550 

















(a) TPT 1-TPT 4 562 
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(b) TPT 5-TPT 8 564 







 (a) Dr=88% 570 
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Fig. 17. Measured pore water pressures (Test 1) 578 
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